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Abstract: The strong enhancement of electrical fields in subnanometer
gaps of self-assembled gold nanoparticle clusters holds great promise for
large scale fabrication of sensitive optical sensing substrates. Due to the
large number of involved nanoparticles, however, their optical response is
complex and not easily accessible through numerical simulations. Here,
we use hyperspectral supercontinuum spectroscopy to demonstrate how
confined optical modes of well defined energies are supported by different
areas of the cluster. Due to the strong resonant coupling in those regions,
the cluster essentially acts as a nanoscale optical sieve which sorts incident
light according to its wavelength.
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1. Introduction
Self-assembly of gold nanoparticles (AuNPs) using molecular linkers is a cost-effective, re-
liable and scalable fabrication method of plasmonic aggregates with subnanometer interpar-
ticle separations [1–4]. The large enhancement of electric fields in the gaps between the
constituent nanoparticles combined with their ability to assemble in situ renders them ver-
satile building blocks for sensing devices exploiting surface-enhanced spectroscopy (SERS,
SEIRA, SEF) [5–10]. However, the enhancement of molecular signals sensitively depends on
the strength of the local electric fields and the distribution and magnitude of those fields within
the clusters therefore greatly affect sensing performance [11–13]. Hence, a precise understand-
ing of the optical coupling of light into self-assembled plasmonic structures is of paramount
importance for the optimization of such sensing devices [14, 15].
The optical response of an AuNP aggregate is essentially determined by five parameters:
The shape of the constituent particles, their size, the separation between those particles, the
refractive index of the surrounding medium and the morphology of the cluster [16–22]. Wet-
chemical methods allow the first four parameters to be adjusted reliably [10, 23–25], but it is
the inherently random nature of the aggregation process which renders control over the mor-
phology of the aggregates challenging. Unfortunately, the influence of structural changes on
the optical response is also the most difficult parameter to assess theoretically. This is due to
the large number of possible nanoparticle arrangements and the high computational effort re-
quired to calculate their electrodynamic behavior because of the extremely small gaps which
are much smaller than the nanoparticle diameters. Remarkably, initial theoretical studies of ag-
gregates containing up to 100 AuNPs suggest that the overall optical response of such clusters
is relatively robust under structural deformations [19, 26]. This is understood to be due to se-
lective excitation of plasmons along one-dimensional nanoparticle chains extending through
the cluster. The resonance energy of these so called chain plasmons is relatively insensitive to
disorder within the chain and only weakly affected by nanoparticle chains branching off side-
ways [5, 27]. The energy of these resonances is therefore expected to be related to the length
of the nanoparticle chains within the cluster and their orientation relative to the polarization
direction of the incident light. Consequently, we expect a confinement of longer wavelengths
modes along extended nanoparticle chains which are predominantly found in the core of the
cluster. Conversely, shorter wavelength modes are expected to occur wherever small chains and
single particles extrude from the cluster.
To probe this behavior experimentally, we investigate the hyperspectral scattering response
of self-assembled nanoparticle clusters with near-uniform interparticle separation using scan-
ning supercontinuum spectroscopy. This reveals information about the spatial distribution of
the optical modes within the cluster in the visible and near-infrared regions (500-1000 nm).
Previous studies have employed scanning near field optical microscopy (SNOM) [28–30] and
electron energy loss spectroscopy (EELS) [31,32,34] to probe the near-field distribution around
single AuNPs as well as small aggregates. These techniques give rise to very high spatial res-
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olution (< 10 nm) and reveal intricate details about the local field distributions, but are slower
and more intrusive than far-field optical mapping, and in general cannot access a large spatial
area. In particular, the close proximity of the SNOM aperture to the nanostructure may alter the
plasmon resonances and therefore affects the measured response [35]. The high energy electron
beam required for EELS increases the mobility of surface atoms which tend to fuse nanometric
gaps within the aggregates [32], thereby severely affecting their optical properties. In addi-
tion, electron spectroscopy is limited to vacuum and can not be used to probe the influence
of different immersion liquids. It also picks up the very many dark modes in such aggregates,
which are inaccessible in the far field, and thus not directly relevant. Despite the significantly
lower spatial resolution of scanning supercontinuum spectroscopy (∼ 250 nm), we show that
its non-invasive nature and ease of use make it a suited technique to investigate the distribution
of radiative localized chain plasmons in self-assembled nanostructures.
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Fig. 1. a) Schematic of gold nanoparticle self-assembly into clusters using the macrocyclic
molecule cucurbit[7]uril (CB) as rigid linker. b) Extinction spectra of the first four minutes
of the aggregation process. c) Electron microscopy images of the clusters at different mag-
nifications show the cluster and particle morphologies and the uniformity of interparticle
separations. d) Supercontinuum laser dark-field spectroscopic setup for rapid collection of
full scattering spectra from a diffraction limited spot during sample scanning.
2. Methods
AuNP aggregates were assembled using the macrocyclic molecule cucurbit[7]uril (CB[7], Fig.
1(a)) which is known to yield rigid and reproducible gap sizes of ∼ 1 nm [5]. Upon addition
of 10 μM CB[7] to a 43 pM suspension of 60 nm diameter AuNPs [33], the AuNPs undergo
aggregation and quickly form nanoparticle clusters with chain-like sub-units. Their desirable
applicability for SERS sensing has been demonstrated previously [5, 6, 36]. The aggregation
process is monitored with time-resolved extinction spectroscopy [Fig. 1(b)]. A few seconds
after addition of CB[7], a new extinction peak emerges at around 700 nm indicating the forma-
tion of dimers. Over time, the formation of longer particle chains and eventually larger clusters
cause a red-shift and strong broadening of this peak. After 4 minutes, 50 μL of the suspension
is drop cast onto an ITO-coated coverslip. We have previously shown using 3D tomographic
electron microscopy [37] that gently drop casting such aggregates does not dramatically change
their 3D structure, or their plasmonic resonances. Although 2D imaging is used here, our pre-
viously reported simulations show little difference between 2D and 3D aggregate plasmonic
modes [19], due to the essentially linear dentritic form of the NP connectivity. A Zeiss 1540XB
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CrossBeam workstation is used to record scanning electron microscopy images of these clus-
ters [Fig. 1(c)] and to tag them with a focused ion beam mark to aid subsequent localization
with an optical microscope.
The hyperspectral scattering response of these clusters is then measured with a total internal
reflection microscopy setup exploiting a supercontinuum laser (Fianium SC450-6, 450-1700
nm) as illumination source [Fig. 1(d)]. The inner part of the laser beam is blocked such that the
remaining annular beam propagating through the outer part of a water immersion lens (Leica
HCX PL APO, NA 1.2) undergoes total internal reflection at the top surface of the sample cov-
erslip. The evanescent wave then excites localized plasmons within the clusters. The emerging
scattered light is confocally collected through the inner part of the objective lens (NA 0.9) and
sent to a spectrometer while the reflected light is blocked by a complementary iris diaphragm.
It is the large spatial coherence of the laser beam which allows confinement of the illumination
to a near-diffraction limited spot in the focal plane. The resultant large radiant flux densities
enable collection of broadband scattering spectra on a millisecond timescale. In addition, the
tight confinement of the illumination gives rise to high lateral spatial resolution (220 nm at λ =
550 nm, cf. Fig. 4(b)).
A spatial map of the scattering response of a nanoparticle cluster was acquired through step-
wise scanning of the sample underneath the focal spot of the laser. For that purpose, the cover-
slip was rigidly attached to an XYZ nanopositioner (Physik Instrumente P-733.2 and Smaract
SLC-2430-S) and scanned in discrete steps over a 2D grid with a step size of 100 nm. A full
scattering spectrum was collected at each grid position. The overall acquisition time was limited
by the speed of the closed-loop controlled movement of the piezo stage. This resulted in typical
scan rates of 10 points per second while recording full scattering spectra at each grid point.
For example, a hyperspectral scan of a 5 μm× 5μm area containing 2500 scattering spectra
could be acquired in approximately 4 minutes. The position of optimal focus was determined
through collection of several scans at different z-positions. While an improvement in acquisi-
tion speed could be achieved through scanning of the beam instead of the sample, maintaining
achromaticity in the focal spot was found to be challenging.
The robustness of the observed hyperspectral cluster response was confirmed through collec-
tion of multiple scans under varying illumination conditions. This was achieved by changing
the aperture diameter of the input and output beam, respectively. Furthermore, clusters with
different structure were investigated to verify the consistency of the observations.
3. Results and discussion
The measured hyperspectral response of a cluster forms a four-dimensional data cube (x,y,λ , I)
where x and y are the spatial positions, λ the wavelength and I the measured scattering intensity.
This data is visualized by plotting the scattering intensity as a function of position for multiple
discrete wavelengths [Fig. 2(a)]. To aid comparison between different scans, the intensity maps
were bi-linearly interpolated and false-colored. Each of these intensity maps reflects the spatial
distribution of the normalized scattering response within the cluster at the specified wavelength.
An intense response indicates the presence of a radiative localized plasmon mode coupling
resonantly to incident light of the given wavelength. Consequently, the local electric field is
strongly enhanced at this position. The spatial map therefore reveals information about the
uniformity, reproducibility and distribution of the plasmonic surface enhancement across the
cluster which is responsible for the signals of field-enhanced spectroscopic techniques such as
SERS or SEIRA.
Previously published numerical simulations of the spatial field distribution in such two-
dimensional nanoparticle clusters with uniform nanometer interparticle separations have shown
the strong localization of short wavelength modes in the peripheral region of the aggregate [19].
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Fig. 2. Scattering response of a self-assembled gold nanoparticle cluster. a) Scanning elec-
tron microscope (SEM) image of the cluster together with optical bright- (BF) and dark-
field (DF) images (left). The spatial distribution of the scattering response of the cluster
at different wavelengths (right). (Note: Each image shows the same field of view and the
light is unpolarized, wavelengths are labeled at the bottom of each image, the gray dotted
lines represent the outline of the cluster as extracted from the SEM image). b) Radially
averaged and normalized power spectral density of hyperspectral intensity maps (top) and
of measured PSF (bottom).
The calculations predicted that with decreasing energy (increasing wavelength) of the excita-
tion field, long chain modes within the core of the aggregate begin to dominate the optical
response. The intensity maps in Fig. 2 indeed confirm this position selective excitation of short
and long chain modes which do not simply scale with the wavelength of the light [Fig. 2(b)]. At
higher energies (550-650 nm), single particle and dimer modes dominate the response. They are
mainly located in the periphery of the cluster. The near isotropic interlinkage between nanopar-
ticles in the core of the aggregate prevents the excitation of higher energy modes transverse to
the direction of extended nanoparticle chains. For example, it is clearly visible that wherever
the cluster is nearly close-packed, the scattering response between 550-650 nm vanishes almost
entirely. On the other hand in the periphery, dimers and short chains branch off from the main
cluster in perpendicular directions and their resonances can therefore be selectively excited with
light polarized along those directions. At longer wavelengths around 800 nm, the cluster modes
start to successively concentrate along the longer chains in the denser parts of the aggregate,
since only these extended resonant structures can support such low energy modes. At around
1000 nm, the spatial response spreads along almost the entire core of the aggregate. However,
the weak scattering in the central part clearly exposes the poor plasmonic coupling between the
lower and the upper part of the aggregate, a feature hardly visible from the SEM images.
The relatively dominant wavelength of the plasmons at each position is plotted in Fig. 3(a)
for three different clusters. Each scan was normalized at each wavelength to account for the
different scattering efficiency of the various chain modes. The pixel of the intensity maps were
then colored according to the wavelength position of the normalized scattering maximum. This
reveals how short chain modes are squeezed out towards the periphery whereas longer wave-
length modes dominate the response in the center of the cluster. The cluster therefore sifts the
incident light and confines it to chain plasmons in accordance to its wavelength [Fig. 3(b)]. The
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Fig. 3. a) False color image showing the wavelength of the dominant mode at each spa-
tial position (top) together with the corresponding SEM images of the cluster (bottom).
b) Schematic of a small cluster illustrating the excitation of various chain plasmons with
differing resonant wavelengths (blue = short, red = long) for vertically and horizontally
polarized light.
resulting plasmon mode distribution is determined by the underlying topological arrangement
of the nanoparticles and is in general highly non-uniform. Consequently, the efficiency of the
local field enhancement varies with the position of the analyte within the cluster. Such a clus-
ter can therefore be used as a position selective sensing substrate with sub-diffraction spatial
resolution.
Clusters with different structure were investigated to verify the consistency of the observa-
tions. The described trends were clearly visible in all fractal-like dendritic clusters, but were less
pronounced in the grape-like, dense clusters obtained in reaction-limited aggregation processes
(using lower CB[7] concentrations). This is expected due to the reduced number of exposed
particle chains in those clusters and the absence of short nanoparticle chains in the peripheral
regions. Indeed, it has been reported previously that such dense clusters preferentially localize
the electric field in the peripheral regions [38].
The intensity maps also show the presence of weaker ‘ghost’ modes in the close vicinity of
the aggregate. These additional modes become more discernible in a logarithmic plot of the
integrated scattering response of the cluster [Fig. 4(a)]. The intense scattering from the body
of the cluster (false-colored in blue) is surrounded by a weaker scattering band (red) which is
separated from the central part by a darker ring. This additional scattering could originate from
electromagnetic fields in the vicinity of the surface which radiatively couple to the far-field [39,
40]. However, most of those localized states outside the aggregate are non-radiative and we
believe that the observed additional modes are more likely an artifact due to the convolution
of the scatterer with the point spread function (PSF) of the system. The accurate response is
further complicated through the varying plasmonic enhancement of the scattering in the area
of overlap between the cluster and the higher order Airy rings of the illumination. A simple
deconvolution can therefore not fully eliminate those ghost modes.
To determine the PSF, a gold nanorod (AuNR, 10 nm x 40 nm) was scanned underneath the
focal spot of the laser [Fig. 4(b)]. An AuNR supports two non-degenerate plasmon modes, a
longer wavelength (lower energy) mode originating from electron oscillations along its longi-
tudinal axis and a shorter wavelength (higher energy) mode from oscillations in the transverse
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direction. Due to its small dimensions, the AuNR effectively acts as a point source. Its reso-
nant scattering at 550 nm (transverse mode) and 800 nm (longitudinal mode for a rod with a
length/width ratio of ∼4) allows extraction of the PSF in the range between 550-900 nm. The
shape of the PSF can be adequately described by scalar diffraction theory. This predicts that
a plane wave passing through the circular back aperture of an objective forms an Airy pattern
in the focal plane which carries ∼ 80% of the energy in its central lobe [41]. With increasing
annular obstruction of the back aperture, more energy is shifted into the outer rings of the Airy
disk. For the obstruction ratio used here (ε = 0.5 where ε is the ratio of obstruction radius to
aperture radius), only ∼ 50 % of the light passes through the central lobe of the Airy disk.
At the same time, the linear obstruction increases the lateral confinement of the beam leading
to slightly enhanced spatial resolution. When the laser is focused in the immediate vicinity of
the cluster, the outer rings of the Airy pattern still overlap with the nanoparticle aggregate and
are able to excite plasmon modes in the cluster. The extent and resonant structure of the area
where this overlap occurs then essentially determines the strength of the ghost mode outside
the aggregate. Since the diffraction pattern of an aperture scales linearly with wavelength, the
FWHM of the PSF increases proportional to the wavelength. Thus, the separation of the ghost
mode from the aggregate depends on its resonant color.
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Fig. 4. a) Logarithmic intensity map of the total scattering response of the cluster in Fig. 2
between 500 and 1000 nm. The primary scattering from the cluster is false-colored in blue,
the surrounding ’ghost’ modes in red. b) (Top) Spatial resolution of setup: Wavelength
dependence of FWHM of measured point spread function (PSF). (Bottom) Measured PSF.
c) Investigation of the scattering from the edge of a gold rectangle on a silicon substrate (i).
Convolution of the PSF of the system (at 800 nm) with a sub-diffraction line (ii) produces
the theoretically predicted scattering map (iii). This is in reasonable agreement with the
measured scattering map, but does not reproduce the hot-spots in the edges (iv).
To further investigate the origin of these ghost modes, we investigated the scattering from
the edge of a gold rectangle (5 μm x 5 μm x 15 nm) on a silicon substrate [Fig. 4(c)]. In
each corner of this rectangle, there are smaller rectangles (250 nm x 250 nm x 15 nm) which
aid in focusing the sample. The edge of the large rectangle acts as a sub-diffraction scatterer.
The convolution of the PSF of our imaging system with a thin line representing the scattering
edge of the rectangle (ii) therefore produces the theoretically predicted image of this structure
(iii). The obtained image is in reasonable agreement with the measured scattering intensity (iv)
and in particular reproduces the secondary intensity bands surrounding the primary scattering
from the edge. This substantiates that these bands originate from the overlap of the outer rings
of the Airy disk with the scatterer. However, the convolution does not reproduce the plasmon
enhanced field in the corners of the rectangle which exemplifies why a simple deconvolution of
the intensity maps with the PSF cannot be applied.
An alternative approach which confirms that the observed spatial intensity distributions of
our aggregates are not purely a diffraction phenomena is to compare the radially averaged and
normalized power spectral density (PSD) of the intensity maps to the PSD of the measured
point spread function [Fig. 2(b)]. It is evident that the intensity maps carry completely different
#198002 - $15.00 USD Received 3 Oct 2013; revised 8 Nov 2013; accepted 8 Nov 2013; published 20 Dec 2013
(C) 2013 OSA 30 December 2013 | Vol. 21,  No. 26 | DOI:10.1364/OE.21.032377 | OPTICS EXPRESS  32384
frequency components which do not simply scale with the point spread function of the system.
4. Conclusion
In conclusion, we have shown experimentally that self-assembled gold nanoparticle clusters
support strongly localized plasmon modes whose resonant energy sensitively depends on their
position within the aggregate. Shorter wavelength modes are found in the periphery of the clus-
ter while longer wavelength modes predominantly stretch along extended nanoparticle chains
typically found in the core of the aggregate. Even in relatively dense areas of the nanoparticle
aggregates, the scattering response is still highly non-uniform which exposes the selective cou-
pling of extended nanoparticle chains to incident light. These observations verify theoretical
predictions and confirm that numerical models are a suitable tool to predict the optical behavior
of physical aggregates, despite incomplete knowledge about the local dielectric environment
and the distribution of gap sizes.
We believe that such hyperspectral measurements combined with theoretical simulations are
an extremely useful tool for the optimization of surface enhanced sensors, as they help to un-
derstand and improve the energy transfer of excitation lasers into the electric near-field in the
gaps between the nanoparticles. The efficiency of this transfer directly influences the signal
enhancement (SERS, SEIRA, SEF) and is key to improve sensitivity and response times of
nanoparticle sensors. In addition, knowledge of the spatial extent of the modes is of particular
importance for the development of multi-excitation and tunable sensing substrates for which a
uniform response over an extended spectral range is desirable [42–44].
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